During the past several decades, scientists have investigated phase transitions in many technologically important perovskites, and they primarily have used macroscopic properties such as heat capacities, susceptibilities, and diffraction-derived parameters to quantitatively characterize these transitions. By their very nature, these quantities represent gross averages over the atomic-scale properties of crystals. New detailed atomic-scale information may lead to a better understanding of phase transitions. For this purpose, we use the perturbed-angular-correlation ͑PAC͒ technique to sample local environments on the scale of a few atomic lengths, so that we can observe small regions of different phases and thereby infer local variations in transition temperature.
PAC spectroscopy provides this type of detailed information via measurements of magnetic hyperfine fields and electric-field gradients ͑EFG's͒ at a specific site in the crystal. For this purpose, a relatively small amount of a radioactive PAC probe ion, 181 Hf→ 181 Ta, is substituted into a site in the crystal. The hyperfine interaction of the probe's nuclear electric-quadrupole moment ͑for the case reported here͒ and the extranuclear EFG perturbs the spatial and temporal correlations of the ␥ rays emitted by 181 Ta excited nuclei after the radioactive decay of 181 Hf. A recent review provides more information about PAC spectroscopy. 1 The approach, therefore, is to measure the parameters that describe the hyperfine interaction, while a crystal undergoes a phase transition. However, generally, these hyperfine parameters need not be connected a priori in a direct way to macroscopic thermodynamic quantities. The connection between spectroscopic and thermodynamic quantities must be made by creating a consistent picture using all available evidence, which includes both macroscopic measurements and hyperfine parameters. To demonstrate this approach, we have measured the Mn-site EFG in Hf-doped LaMnO 3 during an elevated-temperature structural phase transition, and we have observed the coexistence of two phases over a range of temperatures, which we interpret using a model that includes a spatial distribution of critical temperature T c values. This distribution implies that this perovskite material has a Mn valence that varies on a nanometer scale.
The compound LaMnO 3 crystallizes in a perovskite structure. 7 and the rhombohedral structure has a smaller unit-cell volume than the orthorhombic structure has. So the smaller ion introduces lattice strains that favor the rhombohedral structure. The Hf 4ϩ probe ion, which substitutes into the Mn site, has an ionic radius of 0.85 Å . 7 Although trace amounts of Hf 4ϩ PAC probes may introduce some lattice strains, the symmetry of the EFG at any probe site will be determined by the larger local environment. The concentration of Hf probes is so small that the probes will negligibly affect the observed transition temperature in this experiment. Ceramic samples of LaMnO 3 were prepared using a resin-intermediate method, which involved the metal precursors, La͑OH͒ 3 and Mn͑CH 3 COO͒ 3 , and the Hf concentration was Ϸ0.07 at. % of the Mn concentration. The resulting powder of mixed oxides was pressed into small pellets and sintered at Ϸ1770 K under flowing Ar gas for 15-30 min. Subsequently, the samples were crushed and sealed into small fused-silica tubes; one sample was sealed under air and another was sealed under Ar gas. X-ray powder diffraction patterns were measured on small amounts of the radioactive powder and the samples were found to be phase pure to within several percent.
The experimental time distributions were measured using a four-BaF 2 -detector PAC spectrometer, which has a time resolution of Ϸ800 psec full width at half maximum. A specially-designed furnace and temperature control system was used to maintain the samples at constant temperature, Ϯ0.03 K, during the measurement periods of 0.5-1 day. Also the controller was adjusted to avoid significant overshoots and undershoots when the sample temperature was either increased or decreased. The measured perturbation functions A 22 G 22 (t) were analyzed using a two-site model for static nuclear-electric-quadrupole interactions:
Here A 1 and A 2 are the normalization factors, ␦ 1 and ␦ 2 are the Lorentzian line-shape parameters that correspond to static linebroadening, and A 3 takes into account both the effects of ␥ rays that are absorbed by the sample en route to the detectors and the fraction of probe atoms that are not in a well-defined chemical environment. ͑For most of the measurements reported here A 3 Ϸ0, because the samples were relatively small.͒ The site-occupancy fractions are represented by f i ϭA i /(A 1 ϩA 2 ϩA 3 ), iϭ1, 2. The nonvanishing EFG components V ii in the principal-axis system where the probe nucleus is at the origin are related to the quadrupole frequency and asymmetry parameter by Q ϭeQV zz /4I(2IϪ1)ប and ϭ(V xx ϪV yy )/V zz in which Q represents the nuclear electric-quadrupole moment ͑2.51 b͒ for the 181 Ta spin Iϭ5/2 intermediate level. Figure 1 presents several representative perturbation functions out of those that were measured at temperatures near T c . The 733.7-K perturbation function represents an interaction that occurred at a single site in the higher-temperature phase, and the 716.2-K perturbation function represents an interaction that occurred at a single site in the lowertemperature phase. At in-between temperatures, the perturbation functions represent two interactions that correspond to the probe sites in the two phases.
In addition, Fig. 1 presents two perturbation functions measured at laboratory temperature; the first was measured initially and the second was measured after the long series of measurements at temperatures near T c was completed. The EFG parameters that were obtained from the fits of these two laboratory-temperature perturbation functions agree well and indicate that primarily one interaction took place at a single site. The average parameter values are Q ϭ158.5Ϯ0.5
Mrad sec Ϫ1 , ϭ0.83Ϯ0.01, and ␦ϭ0.027Ϯ0.002. In LaMnO 3 interstitial O 2Ϫ ions and cation vacancies are the dominant types of point defects. 5 If either defect type were to reside near some of the probe ions, either multiple interactions, or linebroadening, or both could occur. These effects are not strongly evident in our PAC measurements for samples that were initially sintered under Ar gas and not subsequently annealed in air at temperatures above Ϸ800 K. These defect effects are evident; however, in the measurements that were performed either while or after the samples were annealed at higher temperatures in air. These observa- Ta probe, we used the initial results of PAC measurements performed at cryogenic temperatures (Ϸ140 K͒, where LaMnO 3 orders magnetically. 8 In structurally-related magnetic ABO 3 perovskites such as LaFeO 3 , a very large supertransferred magnetic hyperfine field can occur at the B site. 9 At the corresponding A site, these supertransferred fields tend to be minuscule. 9 The cryogenic-temperature PAC measurements indicate the presence of relatively large magnetic hyperfine fields at the 181 Hf→ 181 Ta probe site. 8 At TӶT c , the large observed Larmor frequency L ͑Ref. 8͒ indicates that the 181 Hf probe substitutes for Mn in LaMnO 3 . Figure 2 summarizes the parameters derived from a series of measurements performed at temperatures near T c . In this series, the temperature was increased before each successive measurement. The V zz values are much lower and the values are somewhat lower for the higher-temperature phase than those for the lower-temperature phase. This trend is consistent with the qualitative expectation that, at higher temperatures, the stable phases tend to be more symmetrical and, as such, they should be characterized by lower V zz and values. We expect the values for the rhombohedral phase to be close to zero, because the structure has a threefold rotational axis at the Mn site. Instead, however, the higher-temperature phase shows values that range from 0.7 to 0.8. One possible explanation for this discrepancy is that the higher-temperature phase was incorrectly identified as having rhombohedral symmetry. Another possibility is that the Hf 4ϩ -probe ion traps a defect because it differs in charge and size from the indigenous Mn 3ϩ ions. To test the latter hypothesis, PAC measurements should be performed in which the O 2 partial pressure is varied at several specific elevated temperatures, Ͼ800 K. In the absence of this information, we cannot say more about this interesting phenomenon.
The site-occupancy fractions f 1 and f 2 show smooth monatonic changes as the temperature increases. A similar series of measurements was performed on the same sample, as it was cooled through the transition. The f 1 and f 2 values show very similar patterns, except that the data points are shifted about 1-2 K to lower temperatures. This result indicates that thermal hysteresis is operative during this transition. When f 1 ϭ f 2 ϭ0.5, the curves are separated by ⌬Tϭ1.7Ϯ0.2 K, which represents the thermal hysteresis for this experiment. This 1.7 K of hysteresis was determined by moving through the 16 K temperature interval in steps of typically 0.5 K and collecting data for 8-14 h at each step before changing the temperature by another 0.5 K.
For metal-oxide crystals, structural phase transitions can be categorized as being either first-order or continuous. 10 A first-order transition is characterized by a discontinuity at the transition temperature T c in one of the first derivatives of the Gibbs free energy, such as in either the volume or the entropy. The order parameter for a continuous transition decreases continuously and reaches zero as the temperature approaches T c from below, and the derivative͑s͒ of the order parameter may become discontinuous at T c . Often in continuous transitions, the crystal symmetries below and above T c are similar; neither thermal hysteresis nor a latent heat are observed; and the transition occurs between contiguous states in the thermodynamic configuration space. Thus, firstorder and continuous transitions have distinctly different features. However, when the crystal symmetries and the latentheat and thermal-hysteresis magnitudes differ very little, the experimental distinction between these two types of transitions may be difficult to discern.
The observed transition in LaMnO 3 shows the characteristics of a weakly first-order transition; namely, two distinctly different sets of EFG parameters characterize the two phases and a small amount of thermal hysteresis accompanies the transition. However, both phases appear to coexist over a temperature range of approximately 16 K. This range of coexistence is too large to be explained by temperature drifting in the sample during measurement. Furthermore, first-order transitions occur at a definite temperature, with hysteresis coming only from nucleation and growth energies, superheating and supercooling, etc. Therefore, we suggest that a distribution of T c values characterizes the sample. To evaluate this possibility, we first further analyze the site-occupancy information. We define the ratio ͓ f /(1Ϫ f )͔ϭ(A 1 /A 2 ), which represents the ratio of the FIG. 2. Summary of parameters derived from fits of Eq. ͑1͒ to the experimental data points. The circles correspond to the interactions measured in the low-temperature phase, and the squares correspond to the interactions measured in the high-temperature phase. The measurements that these parameters correspond to were performed at successively increasing temperatures. The dashed line shown in the site-occupancy fraction temperature dependence represents the f values measured at successively decreasing temperatures. The displacement of this dashed line to lower temperatures indicates that thermal hysteresis ⌬Tϭ1.7 K characterizes the transition.
probe concentration in the lower-temperature phase to the probe concentration in the higher-temperature phase.
If the transition temperature varies within the sample because a nonuniform spatial distribution of Mn 4ϩ ions is present, then different Hf probe nuclei will experience the symmetry change associated with the transition at different sample temperatures. As a simple model of this phenomenon, we assume that the distribution of transition temperatures experienced by the various PAC probe nuclei is Gaussian, characterized by mean transition temperature T c and standard deviation . Using this model, the fraction of probes whose immediate neighborhood is in the hightemperature phase, i.e., (1Ϫ f ), at temperature T is given by the probability that the transition temperature for the local neighborhood is рT. Using the Gaussian distribution of local transition temperatures, this probability is just the cumulative distribution function:
For the temperature-increasing set of measurements, the fits give T c ϭ723.8Ϯ0.1 K and ϭ7.4Ϯ0.1 K. For the temperature-decreasing set, the fits give T c ϭ725.5Ϯ0.2 K and ϭ7.3Ϯ0.3 K. Figure 3 shows fits of Eq. ͑2͒ to the site-occupancy fractions for the lower-temperature phase for both temperature-increasing and temperature-decreasing sets of measurements. The values for the higher-temperature phase show corresponding behavior.
The more important question is what causes the variation in local T c values. We have suggested that this variation is caused by a nonuniform spatial distribution of Mn 4ϩ ions. There will be some number of Mn 4ϩ ions in the material to compensate cation vacancies or oxygen interstitials introduced during processing. The presence of an Mn 4ϩ ion may introduce local strains in the neighborhood of that ion because it has a smaller size compared to the Mn 3ϩ ions. In the region over which these strains extend, i.e., a few atomic distances from the Mn 4ϩ ion, the strain energy favors the rhombohedral structure and allows the phase transition to proceed in that local region at a temperature slightly lower than the mean transition temperature for the entire sample. If the Mn 4ϩ ions were distributed uniformly through the sample, in sufficient density that the strain fields overlapped throughout, then we would expect to observe no variation in the transition temperature from place to place within the sample. However, the Mn 4ϩ ions are only present in very low concentrations, so we observe statistical variations in their local concentration. Because the concentrations are small and the variation in transition temperature is small, we should be able to make a linear approximation for the relationship between transition temperature and Mn 4ϩ concentration. Hence, random variations in Mn 4ϩ concentration in the neighborhood of different PAC probe nuclei should translate well to a Gaussian distribution for the local phase transition temperature. This distribution of local transition temperatures then gives rise to the coexistence of two phases that we observe.
In conclusion, we have measured the temperature dependence of the probe site-occupation fractions at temperatures near T c that characterize the LaMnO 3 rhombohedral-toorthorhombic transition. A model that describes the transition using a Gaussian distribution of T c values provides a good representation of the site-occupancy temperature dependence. This result implies that spatial fluctuations in the local environment are responsible for the coexistence of two phases during this first-order transition. This result demonstrates that PAC measurements can be used to obtain new, important information about phase transitions in complex metal oxides.
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